SUMMARY -Vascular lesions of the vertebrobasilar junction (VBJ) are challenging in neuro-
Introduction
Giant aneurysms of the vertebrobasilar junction (VBJ) are complex and usually lethal lesions, if ruptured, due to massive intracranial haemorrhage. The International Study of Unruptured Intracranial Aneurysms (ISUIA) reports that the rupture rate for VBJ aneurysms significantly increases with the diameter of the lesions. A cumulative rupture rate of 50% at five years has been reported for VBJ aneurysms with a diameter of > 25 mm [1] [2] [3] [4] [5] [6] [7] [8] . It is very tempting to customize and apply treatment even to incidentally diagnosed cases because of the high risk of rupture and its fatal consequences. However, management of the lesions is extremely challenging and the morbidity and mortality rate associated with the treatment itself is high [9] [10] [11] . We searched the Medline database for all articles published since 2004 on the treatment of VBJ aneurysms, and performed a meta-analysis of success rates associated with different endovascular or microsurgical approaches. Then, we compared the results from the literature with our endovascular experience of ten cases, suggesting the rationale for various techniques that provided a successful treatment outcome.
All patients underwent digital subtraction angiography (DSA): in seven cases out of ten, a vertebrobasilar fenestration was angiographically depicted and in all those cases an aneurysm was also found. Briefly, in four cases the VBJ fenestration was associated with a small aneurysm (< 1 cm), in two cases with a large aneurysm (1-2.5 cm) and in one case (10%) with a giant aneurysm (> 2.5 cm). In the remaining three cases (one small aneurysm and two giant aneurysms) no fenestration was found.
All endovascular procedures were performed under general anaesthesia and via a right femoral artery approach using a 6F femoral artery sheath and a 6F guiding catheter (Envoy, Cordis). Three treatment strategies were adopted: 1. Coil embolization (50%) 2. Coils and covered stent placement (10%) 3. Flow diversion device placement (40%)
In all patients presenting ruptured small aneurysms with VBJ fenestration (Cases 4-7-8), and in another two cases of non-ruptured small aneurysms (Cases 2-3), only coils were used to treat the lesions. In these subjects (Cases 2-3-4-7-8), a microcatheter was navigated in proximity to the neck of the aneurysm and coils were delivered into the lesion until optimal aneurysm occlusion was obtained. Stenting and coiling was used only in one case (Case 1) characterized by a VBJ fenestration associated with a large aneurysm. In this case, the left vertebral artery (VA) was cannulised with a 6F guiding catheter and a microcatheter was navigated to the left posterior cer-
Material and Methods
A retrospective review of our database was conducted by the first author (FG) over a fiveyear period from November 2006 to September 2011. Data on ten patients with VBJ vascular lesions treated by the local interventional neuroradiologist (ED) were retrieved and assessed blindly by the authors not involved in their management (MG and DGI). The management of each patient was guided by the intention to treat. Research ethics board permission was granted for retrospective analysis (Table 1) .
In addition, the first author conducted an extensive Medline review for all articles published since 2004 on the treatment of VBJ aneurysms and performed a meta-analysis of success rates associated with different endovascular or microsurgical approaches (Table 2) . Then, the results of our literature search were compared with our experience.
Case Series
The patient group included four men and six women (age range: 44-79 yrs; average: 57 yrs) ( Table 2 ). In 30% of cases, the clinical presentation involved a subarachnoid haemorrhage (SAH) from ruptured small aneurysms. One large aneurysm and one giant lesion were discovered as incidental findings. In one case of giant aneurysm, cranial nerve deficit due to brainstem compression occurred, and, in the remaining cases, headache and dizziness were the prominent symptoms. Large  yes  2  II  0  12   2  48  Small  yes  4  I  2  60   3  47  Small  yes  4  I  0  48   4  80  Large  yes  3  I  1  lost   5  43  Giant  no  3  III  0  12   6  58  Small  no  3  III  0  36   7  46  Small  yes  3  I  0  24   8  79  Small  yes  4  I  1  12   9  60  Giant  no  4  III  2  12   10  44  Giant  yes  3  III  0  12 *Age at the time of treatment, FU: follow-up. Then, through the left VA, a microcatheter was navigated into the aneurysm and coils were delivered to occlude the aneurysm and the left VA ( Figure 2 ). In the last case (Case 10), a flow diverter and coils were used to treat a giant aneurysm associated with VBJ fenestration (Figure 3 ). The VA was cannulised and, via a coaxial system, a microcatheter was navigated to the tip of the BA, passing though the left arm of the fenestration, under roadmap guidance. The PED was then introduced and deployed. Then, a microcatheter was navigated into the aneurysm sac passing through the right VA, and coils were delivered. Finally, a microcatheter was advanced along the right arm of the fenestration and the PED was deployed in the same fashion as the first one (Table 1, Figure 3 ).
Results
In our clinical series, there was a slight prevalence (60% of cases) of aneurysm occurrence in female subjects. In 70% of cases, a VBJ fenestration was associated with an aneurysm (four small; two large and one giant); in 90% of these cases the aneurysm was small (Table  1 ). Looking at the symptomatology, in 30% of cases an SAH occurred and, in all cases, the ruptured aneurysm was small. No intra-procedural or non-procedure-related complications were observed. In the cases treated with flow diverter devices, the patients received dual antiplatelet therapy three to seven days before the procedure. Dual antiplatelet therapy was continued for one month after the procedure. ebral artery. A Neuroform EZ (Stryker) stent was placed across the neck of the lesion and nine coils were used to occupy the aneurysm sac. In all the remaining patients (Cases 5-6-9-10), a flow diverter was positioned to treat these complex lesions. Following the induction of general anaesthesia and immediately before the procedure, a 3000 IU bolus of heparin (or more, according to the patient's weight) was administered intra-arterially. In particular, in Case 5, a Pipeline embolization device (PED, Covidien) was used as the sole endovascular intervention. The VA was cannulised with a 6F delivery catheter. Via a coaxial system, a microcatheter was navigated distally to the aneurysm under roadmap guidance. The PED was then introduced and deployed through a combination of forward pressure and retraction technique, with the goal of covering the aneurysmal sac and the diseased arterial segment. In Case 6, the left VA was cannulised as usual. Through a microguide, a LEO stent (Balt Extrusion) was placed along the aneurysm and the middle third of the basilar artery (BA). Another LEO stent was then inserted along the left VA in a telescoping fashion for enhanced support. Subsequently, three SILK flow diverters (Balt Extrusion) were placed covering the neck of the giant aneurysm. Then, the right VA was cannulised and a microcatheter was navigated into the aneurysm and three coils were delivered. The right vertebral artery was then occluded with coils ( Figure 1 ). In the Case 9, a scaffold was constructed using three LEO stents along the BA and the right VA. Inside this channel, three SILK stents were deployed. The left VA was cannulated as usual with a 6Fr Envoy delivery catheter, a microcatheter with microguide were navigated over the aneurysm. Through the microguide, a Leo stent was placed along the aneurysm and the middle third of the BA. Another Leo stent was then inserted immediately along the left VA in a telescoping fashion to augment support. Afterwards, three Silk flow diverters were placed covering the neck of the giant aneurysm. Then, the right VA was cannulated and three GDC coils were delivered. The right VA was then occludd with coils.
standstill, EC-IC bypass, combined techniques, etc.). Coiling with or without balloon assistance or stenting was performed in most of the cases (39 in number) stent alone or balloon remodelling in eight cases and four cases respectively [12] [13] [14] 19 ,21,27-31,34-39 . In those cases, moreover, one or both limbs of VAs were sacrificed with coiling. In 17 cases a flow diversion technique was applied for the treatment of VBJ aneurysms with a good outcome apart from four deaths 15, 17, 22, 23 .
Discussion
The management of giant aneurysms in the VBJ is extremely challenging and associated with a high rate of morbidity and mortality. For this reason, different factors should be critically considered in the selection of the most appropriate treatment strategy, including: the preoperative clinical and neurological status of the patient and/or evaluation of the features of the aneurysm, its related vascular structures and the parental artery collateral circulation [1] [2] [3] [4] [5] [6] . According to the literature, in the setting of a VBJ fenestration there is a greater incidence of aneurysm formation, approximately 35% 13 . Thus, when there is a vertebrobasilar junction aneurysm, an associated fenestration should be strongly suspected and as, most authors have reported, the proximal aspect of the fenestration is the most common site of aneurysm formation.
Surgery was the conventional mode of treatment of such aneurysms in the pre-endovascular era. Microsurgical clipping requires a customized surgical approach widely exposing the aneurysm, parent vessel and arterial perforators. Although this strategy can ensure a durable and complete aneurysm exclusion from the circulation with preservation of the parent vessels, exposing these vascular lesions and clipping them could be technically challenging due to irregularities in the aneurysms and vessel anatomy. Moreover, access to the VBJ is difficult and hampered by the petrous bone and the direct proximity of the aneurysm to the brain stem, perforating arteries and lower cranial nerves makes the approach dangerous. Selected cases may benefit from indirect therapies, such as proximal arterial occlusion and aneurysm trapping, with or without flow replacement, but these procedures may increase the operative risk and compromise the post-operative outcome 4, 5, 10, 40, 41, 46, 50 . In some other situations combined endovascular/microsurgiAspirin therapy was stopped four months after endovascular treatment. In all cases, a brain CT scan was performed after the procedure. Long-term follow-up evaluation was performed in nine of ten (90%) patients: one patient was lost during the follow-up period (Table 1, Case 4). All patients underwent a follow-up DSA six months after treatment (with or without CT or MRI), and one and two-year post-treatment evaluation was carried out with a CT or MR scan, in some cases combined also with a new DSA. Flow diverter placement (Cases 5-6-9-10) was technically successful, and at the end of each procedure variable degrees of slower flow and contrast stagnation were observed in the aneurysm sac (Figures 3 and 4) . In our series the intra-procedural mortality rate was 0%, and the morbidity rate was 10%. This accounts for one patient (Case 9) initially treated for a giant dissecting aneurysm of the VBJ, whose angio-MR study at two-year follow up showed an increase in the aneurysmal mass and a reduction of the blood flow in the basilar artery ( Figure 2 , Table 1 ). Even though the increase was minimal and the aneurysm was angiographically occluded, this patient's condition progressively declined with occurrence of lower cranial nerve palsy and hemiparesis syndrome. A subsequent brain CT scan revealed an enlargement of the ventricular cavities and an intra-arterial thrombosis: the patient underwent ventricular shunt placement and was ultimately admitted to the Rehabilitation Unit.
With the aim to describe and summarize the state-of-the-art of treatment for VBJ aneurysms, we did an extensive PubMed review of the last ten years (from 2004 to date) in search of the medical literature regarding the strategy adopted for treating these challenging lesions ( Table 2) . We found 85 cases in all, described in 29 studies, most of them as reports of single cases 19,20,23,25-29,31-33,35,37,38 . VBJ fenestration was associated in more than half of the cases, 56 cases, confirming the high incidence of aneurysm in the VBJ affected by a fenestration [12] [13] [14] 16, 19, 22, 28, [30] [31] [32] [34] [35] [36] [37] [38] [39] . Thorough evaluation revealed a high prevalence of endovascular treatment instead of microsurgery. A microsurgical strategy was reported in four studies for a total of 26 cases treated 16, 18, 24, 25 . In two cases a combined endovascular-microsurgical approach was applied with good success 26, 33 . However, the microsurgical strategy was chosen in very specialized neurovascular centres with the employment of a dedicated neurosurgical-neuroanaesthetist team and specific expertise (cardiac www.centauro.it
The Neuroradiology Journal 27: 732-741, 2014 -doi: 10.15274/NRJ-2014-10100 made endovascular embolization a valuable tool for a relatively safe and less hazardous management of such lesions 47, 48 . There are, however, certain restrictions and limitations involved in the endovascular approach. It is extremely important to understand the anatomy of the region with a clear depiction of the aneurysm sac, neck and its relationship to the fenestration (if present) and the parent artery microanatomy.
In recent years, flow diverter devices have been developed to provide a diversion of the flow into the parent artery, away from the ancal strategies have proved complementary and very efficient, allowing satisfactory aneurysm occlusion 26, 33 . Endovascular techniques have progressively evolved over the last few decades and are nowadays considered a valid line of defence against some of the most complex cerebrovascular pathologies [42] [43] [44] [45] 49 . The well-known challenges correlated with the surgical treatment of vertebro-basilar system (VBS) aneurysms, and the geometry of the posterior arteries, considered favourable for endovascular navigation, have Figure 2 A-D) Pre-and post-treatment DSA and Angio-MR in Case 9. In this case, a scaffold was constructed using three LEO stents along the BA and the right VA. Inside this channel, three SILK stents were deployed. Then, through the left VA, coils were delivered to occlude the aneurysm and the left VA. E) At the six month f/up, the study revealed a more stagnant flow with a patent basilar artery. F) At 24 months, the flow had become more stagnant not only inside the lesion but also in the basilar artery.
with preservation of the blood flow in the parent artery and in the perforating vessels. However, in situations such as giant aneurysms and very tortuous vessels, this technique may not be feasible. Conversely, flow diversion has the advantage of being employed in very demanding and complex vessel and aneurysm angio-architecture, providing successful results. Thus concerns arise in the usage of flow diversion in the VBS; due to the high number of perforating arteries related to this area, it may be employed in particular situations as a treatment of last resort.
Take-Home Messages
Our database and Medline review yielded the following considerations: 1 In small aneurysms involving the VBJ traditional coiling or stent-assisted coiling therapy remains a valuable option to achieve successful results. 2 In large or giant aneurysms with small necks and involving less than one third of the BA, overlapping flow diverter devices in a telescopic fashion, coupled with endosaccular coil embolization may be an efficient and comprehensive treatment strategy. Indeed, associating endosaccular aneurysm coiling with the use of flow diverters seems to be useful in avoiding this initial scaring effect. 3 In large or giant aneurysms with wide necks and involving more than one third of the basilar artery, a thrombotic evolution may occur soon or even several months after endovascular treatment. Accordingly, although the poor natural history might justify every kind of therapeutic attempt, a "wait and see" strategy may actually represent the most reasonable behaviour in elective cases. In emergency cases, external ventricular shunt placement may be more than enough.
Study Limitations
The main limitation of this study is the fact that it is based on a single centre series, thus our review includes a relatively small number of subjects. Nonetheless the lack of large case series in the international literature makes the study useful for future meta-analyses. Moreover, the rigorous blinded retrospective assessment of the clinical and radiological outcomes by authors not involved in the initial treatment guarantees a fair appraisal of the techniques discussed. eurysm [51] [52] [53] [54] [55] . A series of flow diverter devices can be placed and overlapped to aid in aneurysm thrombosis or to extend the overall construct length for particularly long aneurysms. Adjunctive coil placement may enhance aneurysm thrombosis 56 . The results so far have been promising: Lylyk et al. reported angiographically-documented occlusion rates of 56%, 93%, and 95% at three, six and 12 months respectively, whereas the investigators of the recently conducted Pipeline Embolization Device for the Intracranial Treatment of Aneurysms (PITA) trial reported a 93% occlusion rate at six months [56] [57] . The porosity of the stent is thought to allow for continued blood flow through perforating arteries, given the demand of these vessels. However, recent studies have highlighted some concerns in terms of late parent vessel thrombosis, perforating vessel infarction or aneurysm rupture, in particular for vascular lesions located at the posterior fossa [58] [59] [60] [61] . Indeed, although the use of flow diverters in the anterior circulation may be useful for internal carotid artery aneurysms, below the anterior choroid artery, aneurysms of the posterior fossa are quite different. The perforatorrich region of the VBS makes the use of flow diverters in this region an entirely different matter. Despite the initial widespread enthusiasm for the use of these devices in such cases, few reports on such usage have been published to date. For example, only 6% of the aneurysms in the PITA trial were located in the VBS 57 . In our clinical series, an initial complete occlusion or successful embolization was observed in all ten patients during the long-term follow-up period. In brief, all patients with small aneurysms were managed with endosaccular coiling embolization, without immediate or long-term complications in 100% of cases. On the other hand, large and giant aneurysms were treated with flow diverter devices, combined or not with coil embolization. In one case of a giant aneurysm involving more than one third of the parent artery, a late vessel thrombosis was reported.
Like our database analysis, our Medline review showed that the most common techniques used for the treatment of VBJ aneurysms were: coiling, stent-assisted coiling and flow diversion. In particular, stent-assisted coiling with or without one VA sacrifice was the most used procedure. Compared to microsurgery, this is less demanding and invasive and, among the other endovascular options, it is the one able to offer the most satisfactory aneurysm occlusion strategies. However, their judicious application in clinical practice is essential to ensure the safest treatment.
For further progress in the management of these complex cases, it will be essential to better understand how the perforator vessels and intralesional thrombi formation are influenced by flow diverter devices. It would also be valuable to define a cut-off in the extension of basilar artery involvement which may or may not cause the risk of potential intra-arterial thrombosis.
Conclusions
Vertebrobasilar junction (VBJ) aneurysms, especially giant ones, pose major challenges in neurosurgical practice. A carefully selected operative strategy is the key for a safe treatment with long-term benefit. In smaller lesions traditional endovascular methods still play an important role for a successful treatment, whereas in some other complex lesions, flow diverters could provide more definitive and durable results compared to other endovascular 
